We determined the DNA sequence of seventeen slgma elements and flanking regions in order to investigate the extent of the association between the yeast repetitive element, sigma, and tRNA genes. Fifteen of seventeen sigma elements analyzed begin at position -19 to -16 with respect to the 5' end of a tRNA-coding sequence. This region is close to the initiation point of tRNA gene transcription and contains a sequence which is modestly conserved for a number of tRNA genes. Two pairs of identical sigma elements occur as the long terminal repeats of a sequence which, together with flanking sigma elements, has the structural properties of a retrotransposon; this element has been named Ty3 (manuscript submitted). Hybridization analysis of yeast chromosomal DNA separated by orthogonal field alternation gel electrophoresis (OFAGE) showed that Ty3 and isolated sigma elements are distributed over many chromosomes in the yeast genome.
INTRODUCTION
The yeast genome contains three repeated elements-delta (1-3), tau (4) , and sigma (5, 6)-which are several hundred basepairs (bp) in length. Delta, sigma, and tau share approximately ten short (6-11 bp) regions of sequence homology and may be related (4) . These elements are frequently found in genomic regions which also include tRNA genes (4, (7) (8) (9) (10) . The most extensively studied of the three repeated elements is delta. Delta sequences are 330-338 bp in length and occur both as isolated elements and as the terminal direct repeats of the retrotransposons Tyl and Ty2 (1) (2) (3) (11) (12) (13) . Independent delta elements tend to exhibit some sequence heterogeneity and several clusters of these elements have been described (1, 10) . These characteristics have made it difficult to estimate the total number of delta elements per typical haploid laboratory strain, but it is probably over 100 (1) . Reversion of certain classes of Tyl and Ty2 mutations results from recombination between the delta direct repeats (14, 15) . This class of revertants is characterized by a single residual delta element. Thus, delta mobilization is apparently contingent on transposition of Tyl and Ty2 elements, and isolated delta elements in the genome are thought to result from recombination between repeated delta elements.
Sigma is a highly conserved 340 or 341 bp element (5, 6) which is repeated about (25) . The HindTII-EcoRI fragments from lambda clones 112 and 125, which contain sigma elements, were subcloned into the polylinker of the plasmid vector pIBI20, and the sequences of portions of these fragments were determined by the chemical modification method of Maxam and Gilbert (26) . The strategy for sequence analysis of the 112 clone, which contains Ty3, is presented elsewhere (manuscript submitted). The sequence of the sigma-eontaining fragment from lambda clone 125 was determined from the Xhol site in the sigma element in both directions and from the Smal site in the tRNA gene in both directions. The sigma element in clone 43 was subcloned into M13mp8 on a Sau3A fragment in each orientation and analyzed by the method of Sanger. The sigma element in lambda clone 55 was analyzed by a combination of methods. The tRNA gene-proximal portion of the sigma was subcloned into M13mp8 on a Sau3A fragment and the sequence was determined by the Sanger method. The 4.2 kbp Hindm-EcoRI fragment containing the entire sigma element and tRNA gene was subcloned into pIBI20. The sequence of this cloned fragment was determined from the Xhol site in both directions using the chemical-modification method. A Haelll site occurs in the tRNA gene-proximal end of this sigma element. The sequence was determined from this site in both directions by the chemical-modification method, and this sequence overlapped sequence determined from the Xhol site. The sequence of the tRNA gene-proximal portion of the clone 134 sigma element was determined from a Sau3A fragment by the dideoxynucleotide-chain-termination method. The 0.85 kbp Hindm restriction fragment containing the sigma element plus the tRNA gene was also subcloned into the plasmid vector pIBI20. The sequence of the sigma element and the associated tRNA gene was determined by the chemical-modification method starting at the Sau3A site in the sigma element. The Xhol and Sau3A sites in sigma which were used in sequence analyses are indicated in Figures 1 and 2 in order to further clarify the strategy. All DNA sequence was compiled, compared, and edited using the DNA se-quence analysis programs of Drs. A. GolcBn (California Institute of Technology, Pasadena, California) and G. Gutman (University of California, Irvine, California).
Southern Blot Analysis of Chromosomal DNA
High molecular weight DNA was prepared from yeast strains AB972 and YP148 and fractionated in a 1.5% agarose gel by a modified OFAGE technique (22, 27,28, unpublished results) . In the apparatus used, nearly homogeneous electric fields intersect at an angle of 115°. Electrophoresis was performed in 0.5 X TBE (IX = 0.09 ^1 borate, 0.09 J W Tris base, and 0.002 J W Na 2 H 2 EDTA [ethylene diamine tetracetic acid]) at 5 V/cm, with an 85 sec switching interval, for 40 h, at a temperature of 13°C. The separated chromosomal DNA was transferred to nitrocellulose by the method of Southern.
Hybridization conditions were as described (16) . Hybridization probes consisted of gel-purified restriction fragments labeled by the random-primer method (29) . The sigma probe was the XhoI-TaqI fragment from pPM55, a 339 bp fragment from 16 bp inside one end of sigma through 12 bp outside the other terminus. The Ty3 probe was a 1600 bp AccI fragment which is located between the two repeated sigma elements in lambda clone 112.
RESULTS

Comparison of the Sequences of Different Sigma Elements
Seventeen sigma element insertions were chosen for sequence analysis from a set of lambda clones containing inserts from the yeast strain AB972 (16) . Ten sigma elements, for which the complete DNA sequence was determined, were compared in order to determine the extent of sequence conservation among the sigma elements of a single yeast strain (Fig. 1) . Pairwise comparisons of these elements revealed no more than a 9-bp difference, or 2.6% sequence divergence, between any two elements. Six of the sigma elements, including the elements at both ends of the two Ty3 sequences, are identical. Figure 1 displays the five different sequences of the ten elements. Eight of the ten elements are 340 bp in length, although comparisons of the DNA sequences showed that some of these include single-bp deletions and compensating single-bp insertions. The DNA sequences of the sigma elements are ordered by degree of apparent divergence from the most common sequence. The apparent relatedness among elements, however, does not correlate with other common denominators, such as orientation, insertion target sequence, distance from the tRNA gene, or similarity of isoacceptors encoded by the tRNA gene.
Identification of tRNA Genes Associated with Different Sigma Elements
The sigma elements are located at a relatively fixed distance from the 5' ends of many different tRNA genes (Fig. 2) . The tRNA genes associated with sigma elements in strain AB972 represent a broad spectrum of isoacceptor species, including two each for The assignment of tRNA gene identities is discussed in the legend of Elements are grouped by sigma orientation and arranged according to increasing lambda clone number. Left column, the family designation of the overlapping lambda clones (16) ; second column, the number of the lambda clone which was subcloned for sequence analysis; central column, the configuration of the sigma elements and the associated tRNA genes; and right column, the anticodon region of the tRNA gene. Repetitive elements sigma, delta, and tau, are indicated by lightly stippled, densely stippled, and hatched boxes, respectively. The restriction sites for Xhol (X) and Sau3A (S) within the sigma sequence are indicated for the topmost sigma element in each orientation. Sigma elements in the most common orientation are shown in the same orientation as the sequence presented in Figure 1 . The tRNA genes are shown as open boxes. Cognate amino acids for the tRNAs are indicated, and in cases where the tRNA gene potentially encodes an identified tRNA Isoacceptor species, that is also specified. See the legend of Figure 3 for a discussion of tRNA gene sequences. The number of basepairs between the terminal basepair of the sigma element and the initial basepair of the tRNA gene sequence is shown.
column). With the exception of the tRNA A J? A gene, these genes encode tRNAs which recognize frequently used codons in yeast (41, 42) .
Position and Orientation of Sigma Element Insertions Relative to the Associated tRNA
Gene
The previously observed bias in the insertion orientation of the sigma elements, relative to tRNA genes (16) is further supported by sequence analysis of these sigma A. Reconstructed sigma insertion sites. The sequences flanking sigma insertions, minus one copy of the 5-bp direct repeat, are shown here for twenty elements. Sequences are ordered by increasing lambda clone number and grouped by extent of known 5'-flanking sequence. The fifteen sequences flanking elements in the more common orientation are grouped on the top; the five sequences flanking elements in the reverse orientation are grouped on the bottom. The sequences in the 5' flanking region of tRNA Glu (32) . Except for a mismatch in position -8, the gene appears to be allelic to the pY106 tRNA" u described by Eigel and Feldmann (7) . The sequence determined from lambda clone 89 contains 48 bp which are homologous to the first 48 bp of tRNA As P determined by Gangloff et al. (33) , but is not allelic to the tRNA As P genes analyzed by Schmidt et al. (34) insertions. Ten of the fifteen elements are in the same orientation, relative to the associated tRNA gene. Although the sigma direct repeats of the two Ty3 elements are in the same orientation relative to the internal domain, the two Ty3 elements in AB972 are in opposite orientations, relative to the associated tRNA gene. Orientation of sigma elements does not appear to correlate with a particular position of insertion. It is, nonetheless, a parameter which may have implications for the mechanism of insertion, and for the effect of the insertion on tRNA gene expression. Because the direction of transcription of the sigma element is distal to proximal, relative to the Xhol site (manuscript submitted; 19), transcription of elements, in the more common orientation, is away from the associated tRNA gene and, in the less common orientation, toward the tRNA gene. In the case of the Ty3-terminal sigma elements, transcription is from the left sigma element toward the internal domain (manuscript submitted). Fifteen of the seventeen sigma elements analyzed in this study were closely associated with tRNA genes. Eight of the fifteen elements are at position -17, relative to the 5' end of the tRNA coding sequence; three occur at position -18; two occur at position -16; and two occur at position -19 with respect to the 5' end of mature tRNAcoding sequence. The remaining two elements are the tRNA gene-distal long terminal repeats of two Ty3 elements, and so are approximately 5.1 kQobase pairs (kbp) from the tRNA gene sequence. Figure 2 shows a summary of the positions and orientations of the fifteen sigma elements, relative to the associated tRNA genes. The DNA sequences in the regions flanking the sigma elements are displayed in Figure 3A .
A comparison of the sequences of the insertion sites of seventeen sigma elements determined in this study and the insertion sites of several sigma elements which were previously described was carried out in order to determine whether simflarities exist near the site of insertion (Fig. 3) . Thirteen of these twenty insertions begin at position -17, relative to the 5' end of the tRNA coding sequence. Insertion at the position of staggered cleavage is inferred from the presence of the 5-bp direct repeats which flank
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Figure 4. Chromosomal Distribution of Sigma and Ty3 Elements. A and C, ethidium
bromide-stained chromosomal DNA from yeast strains AB972 and YP148, respectively, separated by OFAGE. B and D, the chromosomal DNA shown in A and C, transferred and hybridized to a radlolabeled sigma-specific probe (side 1) or Ty3 internal domain-specific probe (side 2). Chromosome assignments are shown between panels. These assignments were based on position of migration and hybridization to chromosome-specific probes (57; unpublished observations). sigma insertions. In nine out of the twenty sigma element insertion sites compared, the tRNA gene-proximal nick would have occurred within the sequence 3'AGT5'' and at seven additional insertion sites, this nick would have occurred before, after, or within the dinudeotide bp |',gA3; or 5JTC3; In order to determine whether this limited homology distinguishes the 5"-flanking region of tRNA genes which have sigma insertions from those which do not, these sequences were compared with the sequences of the 5'-flanking regions of 26 tRNA genes which are not associated with sigma elements. The result of this comparison is shown in Figure 3B . Eighteen of these 26 tRNA gene-flanking sequences had the trinucleotide bp 3'AGT5'' b€tween positions -10 and -15. The sequence TTTCAACAAATAAGT, which includes the TCA motif, was previously observed in the 5"-flanWng regions of fifteen tRNA genes (56) . Thus, this sequence apparently does not distinguish tRNA genes which have sigma insertions from those which do not.
Chromosomal Distribution of Sigma and Ty3 Elements
The chromosomal distribution of Ty3 elements and isolated sigma elements was examined in two haploid yeast strains by separation of yeast chromosomes using OFAGE analysis of the DNA on Southern blots with sigma-specific and Ty3 internal domainspecific DNA probes (Fig. 4) . The two strains examined are AB972, the strain from which the analyzed sigma elements were cloned (Fig. 4, A and B) and YP148, a strain in which fragmentation of chromosome VTI allows resolution of chromosomes VII and XV and a chromosome-length polymorphism allows separation of chromosomes V and VIH (Fig. 4,  C and D) . The chromosomes were identified by hybridization to chromosome-specific probes, as previously described by Carle and Olson (57, unpublished data). The sigma probe did not hybridize to chromosome VI or Xni in either strain, nor did it hybridize to chromosome fragment VHA from strain YP148. Chromosomes VII + XV and V + VIII from strain AB972 are electrophoretically indistinguishable, and each pair snowed intense hybridization to sigma sequences. Exposures of each autoradiograph were scanned in the linear range with a laser densitometer (LKB UltroScan XL), and the area under each peak was Integrated. In each sample, chromosome I hybridized distinctly to the sigma probe, but was among the most weakly hybridizing of the chromosomes. If chromosome I is assumed to have one sigma element, and the number of sigma elements on the other chromosomes is estimated by relative band intensity, then 34 and 31 are lower limits for the number of elements in strains AB972 and YP148, respectively. This agrees well with the estimate of about 30 sigma elements for the AB972 genome, which was based on Southern blot analysis of EcoRI-Hindin digested genomic DNA (16) .
In order to examine these strains for Ty3 insertion polymorphisms, a Ty3-specific DNA probe was hybridized to intact chromosomal DNA from strain AB972 and from strain YP148, separated by OFAGE. Under these conditions, the Ty3 Internal domain does not cross hybridize with probes from Tyl or Ty2 epsilon sequences. In the sample from AB972, the probe hybridized to DNA migrating in bands corresponding to chromosomes VII + XV, and IX. This agrees with Southern blot analyses of DNA digested with restriction enzymes which argue that only two copies of Ty3 exist in AB972 (manuscript submitted). The same probe hybridized to chromosomes XII, VIIB, XI and IX from strain YP148, which suggests that a minimum of four Ty3 elements exist in the genome of this strain. Thus, Ty3 is present in different numbers and positions in the genomes of different yeast strains.
DISCUSSION
Positions of Sigma Insertions
The association observed between sigma and tRNA genes is extended by this sequence analysis of a set of sigma elements from one strain of yeast. This analysis showed that sigma elements are typically associated with genes for isoacceptors which decode frequently used codons. Comparisons of these sigma element sequences also showed that the element is highly conserved relative to another yeast repetitive element, delta. The most striking feature of the association between sigma and tRNA genes, however, is the positional specificity of the insertions. Out of the seventeen sigma elements analyzed, fifteen are separated by 19 bp or less from the 5' end of mature tRNA-coding sequences; the remaining two elements are the distal members of tRNA gene-associated sigma composite elements.
Although the significance of the association between highly conserved sigma elements and genes for isoacceptors which decode frequently used codons is not clear, our sequence analysis of these elements in one strain of yeast does suggest several possibilities. In yeast, frequently used codons have been shown to be decoded, in general, by major isoaceeptor species (41, 42) and the available data supports the notion that major isoacceptors are encoded by the more redundant gene families (58) . Thus, the location of sigma elements adjacent to these genes would be favored statistically. If insertion of Ty3(sigma) is detrimental to tRNA gene activity, insertions neighboring members of these larger gene families might also be more likely to be tolerated. Finally, if tRNAs themselves are in some way responsible for the position specificity, this insertion pattern, which mirrors the distribution of tRNA species in the cells, would be expected.
Conservation of the Sigma Sequence
The most simple explanation of the existence of isolated sigmn elements is that, like solo delta elements, they arise from recombination between the long terminal repeats of a parent transposable element. In contrast to delta, however, the conservation of these sigma elements is quite striking. Conservation of repetitive sequences can be explained by recent proliferation, strong functional selection, and/or sufficient gene conversion to suppress evolutionary divergence. Although the first possibility would seem to be favored by the existence of relatively few Ty3 and sigma sequences compared to Tyl and Ty2 and delta sequences, we recorded three instances of sigma elements interrupted by delta or tau termini. This observation, while not ruling out recent spread of the sigma element as the basis for the observed sequence conservation, is not particularly supportive. Another explanation of sigma sequence conservation is that it confers some as yet unidentified selective advantage on the cell. Alternatively, if isolated sigma elements can transpose, then sigma sequence conservation could reflect the proliferation of a transpositionally active version of the element. This conservation could be the result of gene conversion. Local regions having high frequencies of gene conversion have been reported in the organisms where it has been possible to measure gene conversion accurately (59, 60) . Of particular interest with respect to our analyses, are the previous observations of Amstutz et al. (61) that at least some tRNA
Ser genes in Saccharomyces pombe undergo gene conversion at a rate of at least 10"^ per meiosis. If gene conversion were generally elevated in the vicinity of tRNA genes, it might contribute to the maintenance of sequence uniformity among sigma elements.
Ty3 (Sigma) Insertion Specificity
One of the most intriguing puzzles posed by the close association between sigma elements and tRNA genes is the mechanism of target-site recognition by the element. Ty3 has a retrovirus-like organization of its coding sequences and encodes proteins with retrovirus homologues (Haywood, Chalker, and Sandmeyer, unpublished data). Ty3, like other retrotransposons and retroviruses (retroid elements) is flanked by short, direct repeats generated during integration. Because the length of the short, direct repeat flanking these insertions is characteristic of the retrovirus, rather than the host species (62), the endonuclease encoded by the retrovirus, rather than a host nuclease, is inferred to cleave the target sequence. Nevertheless, no data address this point directly. Positions of retro viral insertion have, in some cases, been correlated with DNase hypersensitive sites (63, 64) , but not with any specific sequence. Similarly, inspection of reconstructed target sequences in our study did not reveal a sequence at the immediate target site which might be required for insertion. The sequence 5TCA3' was observed in the tRNA-like strand upstream of almost half of the tRNA genes associated with sigma, but this sequence also occurs at a similar frequency upstream of tRNA genes not associated with the element. Therefore, its presence apparently does not increase the probability of a Ty3(sigma) insertion. The most simple interpretation of our data is that the position specificity of the sigma element is not solely based on the presence of a specific DNA sequence at the primary target (integration) site. Rather, we conclude that recognition must be based on: 1) some characteristic pattern or structure implicit in the tDNA sequence, 2) interactions between the integration apparatus and proteins complexed to the tRNA gene, or 3) some combination of these. We discuss below some features of tRNA genes which may bear on this unusual specificity.
The first proposed explanation of Ty3(sigma) insertion specificity-that the target is implicit in the DNA sequence-implies an integration apparatus which recognizes a conserved sequence pattern (65) or a characteristic conformation of tDKA and cleaves upstream in the DNA. This idea is appealing because of its inherent simplicity, and also because polymerase in transcription of different tRNA genes must require similar genefamily recognition. It must be noted, however, that while the sigma elements are closely associated with the tRNA gene, the position of the insertion relative to beginning of tRNA-coding sequence or conserved sequences within the gene, is not absolutely constant. Thus, a DNA model would entail precise spacing of the insertion from some secondary or tertiary pattern not obvious in the prin.ary sequence or must allow for some small variation in the distance of the insertion site from a conserved target in the tDNA.
The second proposed explanation of Ty3(sigma) Insertion specificity involves tRNA gene-associated proteins in targeting. Two types of proteins could be related to tRNA gene targeting by sigma. First, as mentioned above, tRNA genes in yeast have been shown to undergo gene conversion at high frequencies, suggesting that they are predisposed to local recombination events. Proteins involved in these reactions could also make the DNA more vulnerable to nonhomologous recombination events, such as Ty3 insertion. Second, it is known that tRNA transcription must initiate very close to the site of sigma insertion. In fact, transcription initiation occurs in the sequence PyPyCAACAA, at the second A, for several tRNA genes (66; D. Engelke, University of Michigan, Ann Arbor, Michigan, personal communication), and Raymond et al. (56) observed a related sequence which affected the level of transcription of a tRNA^e u gene and occurs in the 5'-flanking sequence of a number of tRNA genes. At least one transcription factor has been shown to interact with this region; tau, a polymerase ni transcription factor required for tRNA gene transcription was shown to protect the flanking sequence of a tRNA j U gene up to position -11 from weak DNase digestion (67). On our study, tRNA gene-proximal cleavage would have occurred most frequently between positions -11 and -12.) Finally, electron microscopic observation of a tRNA gene suggests that the active gene may have a distinctive structure. Stillman et al. (68) found that tRNA genes bound to a transcription factor appeared bent, possibly due to contact of the factor with a bipartite internal promoter. Proteins which allow the DNA to be transcribed, then, are known to act on the DNA in this region and might mark it in some way as a target for transposition.
If the polymerase m transcription complex is central to Ty3(sigma) target recognition, then the 5S rRNA genes which are also transcribed by polymerase III might also be targets for insertion of this element. Yeast chromosome XII contains more than 100 tandem repeats of the rRNA genes, including those for 5S rRNA (69) . According to the intensity of the band on the autoradiograph (Fig.4) corresponding to chromosome XII, however, this chromosome contains only two or three copies of sigma and none of Ty3. The distribution of these elements, then, does not reflect the distribution of all genes transcribed by polym erase ID, and this study provides no evidence that the repeated 5S genes are a hotspot for Ty3 insertion, as might be predicted if any polym erase HI transcription complex constitutes a target. This observation is consistent with the target involving some tRNA gene-specific features. Nevertheless, this description of insertions cannot completely rule out a general association between Ty3(sigma) and polymerase Hitranscribed genes. It is possible that Ty3(sigma) elements inserted near 5S rRNA genes are eliminated by unequal crossing-over among the tandemly repeated rRNA genes.
The suggestion of an association between transcription and recombination is not new. Polymerase I transcription activity is required for HOT1 activation of recombination in yeast (70) . In addition, polymerase II activity is required for gene conversion of the MAT locus of 3. cerevisiae (71) and recombination of a mouse tmmunoglobulin variable region has been shown to be enhanced by transcription (72) . Although no other retroid element is known to have specificity of the type displayed by Ty3, genes transcribed by polymerase HI are associated with other types of retroid elements. In yeast, Tyl and Ty2 occur frequently within several hundred bp of the 5' ends of tRNA genes (7) (8) (9) (10) , and in animal cells, Alu sequences are both targets and donors in retrotransposition (73).
In conclusion, the extreme position specificity of the Ty3(sigma) insertion pattern is an Intriguing natural curiosity. Further studies of Ty3(sigma) transposition will provide a potentially useful paradigm for understanding the mechanism of genomic integration of retroid elements.
